Objective. Transcutaneous electrical nerve stimulation can help individuals with neurological disorders to regain their motor function by activating muscles externally. However, conventional stimulation technique often induces near-simultaneous recruitment of muscle fibers, leading to twitch forces time-locked to the stimulation. Approach. To induce less synchronized activation of finger flexor muscles, we delivered clustered narrower pulses to the proximal segment of the median and ulnar nerves at a carrier frequency of either 10 kHz (with an 80 µs pulse width) or 7.14 kHz (with a 120 µs pulse width) (high-frequency mode, HF), and different clustered pulses were delivered at a frequency of 30 or 40 Hz. Conventional stimulation with pulse frequency of 30 or 40 Hz (low-frequency mode, LF) was used for comparison. With matched elicited muscle forces between the HF and LF modes, the force variation, the high-density electromyogram (EMG) signals recorded at the finger flexor muscles and stimulation-induced-pain levels were compared. Main results. The compound action potentials in the 10 kHz HF mode revealed a significant difference (i.e. a lower amplitude and area, and a wider duration) compared with the LF mode, indicating cancellations of asynchronized action potentials. A smaller fluctuation in the elicited forces in the 10 kHz mode further demonstrated the less synchronized activation of different motor units. These effects tended to be weaker in the 7.14 kHz HF condition. However, the levels of pain sensation was not reduced in the HF mode potentially due to the high charge density used in the HF mode. Our findings indicated that different nerve fibers were recruited asynchronously through summations of different numbers of subthreshold depolarizations in the HF mode. Significance. Compared with the LF mode, the HF mode stimulation was capable of activating the nerve fibers in a less synchronized way, which is more similar to the physiological activation pattern.
Introduction
Individuals with neurological disorders tend to show impaired ability of activating their skeletal muscles [1, 2] , which can limit the daily motor activities. To help regain motor function of these individuals, functional electrical stimulation (FES) is often used to help elicit muscle contractions [3] [4] [5] [6] . Conventionally, stimulation electrodes are placed on the muscle belly near the motor points [7] . By activating the distal branches of the motor axons, FES can elicit ballistic or continuous muscle contractions, and the levels of contraction can be modulated by changing the stimulation parameters, such as the stimulus current amplitude. However, the application of FES has been limited due to several issues associated with the non-physiological activation of the muscles. Specifically, with electrical stimulation, motor units (MU) tend to be recruited in a reverse physiological order, with the large and fast-fatigable motor units recruited earlier [8] , although random recruitment order has also been observed, depending on the location of the motor points in the imposed electrical field [9] . Nevertheless, the elicited muscle forces tend to decline over time even with increasing stimulus amplitude, due to rapid onset of muscle fatigue.
To reduce the limitations of the non-physiological activation patterns, different stimulation techniques have been proposed. Instead of activating the muscle directly through motor neuron axons, the possibility of reflex activation has also been examined [10, 11] . The activation of motoneurons through reflex can potentially lead to more physiological recruitment order of the motor units, and, therefore, can delay fatigue onset. Previous FES studies utilized multiple electrodes distributed at different regions of the muscle to realize sequential activation of different muscle fibers in order to reduce force decline [12] [13] [14] . Recently, stimulation at the proximal segment of the peripheral nerve has been investigated using implant electrode stimulation [15] or transcutaneous stimulation [16] . This technique allows us to elicit highly selective muscle activations. Specifically, by imposing focal electrical field around the nerve through current delivered at different electrodes, different axons in the nerve innervating different muscles or muscle regions/compartments can be recruited. The high specificity of activating different axons can help improve the dexterity/flexibility of elicited movements, and can also lead to direct motor nerve and reflex activations. Nonetheless, the elicited muscle activation can still lead to progressive force decline, and the stimulus current amplitude need to be increased accordingly, which can induce discomfort (i.e. pain sensation) to the users. Accordingly, based on previous studies [12, 14] which demonstrated that temporally dispersed activations of muscle fibers can reduce muscle fatigue, we investigated whether a novel dispersed current stimulation at the proximal segments of the peripheral nerves can lead to less synchronized activations of muscle fibers. Specifically, we investigated the effect of delivering clustered narrower pulses (approximately 100 µs) to the proximal segment of the median and ulnar nerves at kilohertz (kHz) frequency. Instead of eliciting an action potential through a single stimulus pulse as in traditional stimulation techniques, we expect that the individual narrower pulses only generate subthreshold depolarizations, and action potentials are triggered from temporal summations of multiple depolarizations. Different axons or neurons may reach the activation threshold with different numbers of summed subthreshold depolarizations, and, thus, the elicited twitch forces and motor unit action potentials (MUAP) can be less synchronized. To test this hypothesis, we delivered classic low frequency stimuli or high frequency narrower pulses with matched force responses. The elicited muscle activity was recorded from high-density electromyography (EMG) of the finger flexor muscles to capture the spatial patterns of the activation. The kHz transcutaneous stimulation has been shown to reduce pain sensation [17] [18] [19] [20] , and we also evaluated whether the high frequency stimulation pattern induces less pain sensation to the subject, in comparison with the traditional low frequency stimuli.
Our results showed that, compared with the traditional stimulation, the high frequency narrower pulse stimuli elicited lower and longer compound muscle action potentials and less force variations, indicating less synchronized muscle fiber recruitment. However, the pain sensation was not reduced with the high frequency stimulation. Overall, our study provides a novel nerve stimulation technique that can activate the finger flexor muscles in a less synchronized manner and can potentially improve the user experience for rehabilitation or assistive neuroprosthesis.
Methods

Subjects
Eight healthy subjects (six males and two females between 21-34 years of age) without any known neurological disorders participated in the study. All subjects gave informed consent with protocols approved by the Institutional Review Board of the University of North Carolina at Chapel Hill. All the methods were performed in accordance with the relevant guidelines and regulations of the Institutional Review Board of the University of North Carolina at Chapel Hill.
Experiment
Apparatus and data recording.
Subjects were seated in an adjustable task chair with the forearm supported on a foam pad ( figure 1(b) ). The hand position was restrained using two stiff foam pads at the dorsal and palmar sides, respectively. Finger flexion forces from index, middle, ring and pinkie fingers were measured independently with four miniature load cells (SM-200N, Interface, Scottsdale, Az), sampled at a frequency of 1 kHz. The four fingers were abducted comfortably, and velcro straps were used to secure individual fingers to the load cells for accurate force measurement ( figure 1(b) ).
A multi-channel stimulator (STG4008, Multichannel Systems, Reutlingen, Germany) was used to deliver the electrical stimulation. The stimulator was controlled using a custom-made Matlab user interface that can generate stimulation trains with different parameters. Sixteen gel-based stimulation electrodes (approximately 1 cm in diameter) were arranged in a 2 × 8 array and placed beneath the short head of the biceps brachii along the ulnar/median nerve bundles, between the medial epicondyle of the humerus and the center of the axilla, where the nerves are superficial ( figure 1(b) ). Stimulation electrodes were connected to the columns of a switch matrix (Agilent Technologies, Santa Clara, CA), the rows of which were connected to the anode and cathode of a stimulator channel. A custom Matlab interface was used to control the switches so that the anode and cathode could be connected to any pair of the 16 electrodes, which allowed us to identify the electrode pairs that can elicit the desired muscle contractions. For each subject, we searched for a pair of electrodes where the stimulation could induce moderate contractions of the finger flexor muscles and medium pain at the stimulation position. The pain level was measured with the visual analog scale [21] . Based on our pilot testing, when the pain level was low, the subjects had difficulty distinguishing the difference between the two modes. On the other hand, since subjects' fingers were attached to the load cells, strong contractions induced pain at the fingers, which could interfere with subjects' pain sensation at the local stimulation position. Therefore, a moderate contraction level was elicited in our study, and was also as a more safe approach commonly used during rehabilitation training and most of activities of daily living.
An 8 × 8 channel high density EMG electrode array with an inter-electrode distance of 10 mm and a single-electrode diameter of 3 mm (OT Bioelettronica, Torino, Italy) was used to acquire the surface EMG activities from the finger flexor muscles ( figure 1(b) ). During the testing, it was possible that the LF and HF mode stimulation could activate different motor units even the same electrodes were used, which could lead to different distribution of EMG amplitude in the muscle between the two modes. Therefore, a single electrode could potentially bias the EMG amplitude measurements. The electrode array allowed us to identify the global EMG over different regions of the muscle, leading to an unbiased recording. The electrode array also allowed us to investigate whether the same motor units were activated across the two modes. Compared with the traditional surface electrode pad, the electrode array configuration tends to have a small recording volume, leading to a small crosstalk. More importantly, the obtained compound action potentials are relatively narrow because of the small electrode diameter. In this case, using a bipolar recording can substantially reduce the action potential amplitude and lead to multi-phasic waveforms. Therefore, we used the monopolar recording method with the reference at the wrist. The same monopolar recording method using the high density electrodes has also been adopted in previous studies [22] . The common ground electrode was placed at the elbow to reduce stimulation artifacts. The electrode array was placed by palpating the forearm flexor muscles when the subjects were asked to voluntarily flexor their fingers. EMG signals were amplified using the EMG-USB2 + system (OT Bioelettronica, Torino, Italy) with a sample rate of 5120 Hz and a gain of 200. The bandwidth of the amplifier was set to 10-900 Hz.
Stimulation paradigm.
Stimulation paradigm was designed to compare the EMG activity and the pain level between the traditional low frequency (LF) and the narrower pulse at high frequency (HF) stimulation modes. Sample stimulation trains for both modes are illustrated in figure 1(a). The blue pulse train represents the biphasic charge-balanced stimulation train for the LF mode in this study. It is mainly defined by three parameters; namely, frequency, current amplitude and pulse duration ('pulse duration' is used to especially represent the duration of pulses under the LF mode in the figures and subsequent texts). The frequency values of 30 Hz and 40 Hz (termed as Freq 30 and Freq 40 in the figures and subsequent texts) were tested in the current study because they are close to the discharge rates of the motoneurons during voluntary activations, and are commonly used in FES systems [23, 24] . The current amplitude was modulated by an isosceles trapezoid (figure 1(c)). Within each stimulation train that lasted for 3 s, the current amplitude of the pulses first increased from 1 mA to the designated current for the plateau period and then decreased to 1 mA. As a result, the envelope of EMG signals within each stimulation has a trapezoid shape ( figure 1(c) ). The maximum current and the pulse duration (shown in table 1) were adjusted to obtain moderate muscle contractions and medium pain sensations. In the HF mode (red traces in figure 1(a) ), the stimulation train was organized in clusters of narrower pulses with the current amplitude the same as in the LF mode. The pulse interval was fixed to 20 µs and the pulse width ('pulse width' is used to especially represent the duration of narrower pulses under the HF mode in the figures and subsequent texts) was set either at 80 µs or 120 µs (termed as Pwth 80 and Pwth 120 in the figures and subsequent texts), leading to a carrier frequency of 10 kHz and 7.14 kHz, respectively.
Intuitively, an increase of the pulse interval and a decrease of the pulse width would result in a reduced contraction force, and this was consistent with our pilot testing results. Since the contraction force of the HF mode need to be matched with that of the LF mode, the pulse width cannot be too small, and the pulse interval should not be too large, otherwise the temporal summation may not be as effective. Meanwhile, if the pulse width was too large, the possibility that axons were activated within one narrower pulse would increase. Therefore, pilot testing was performed to find the pulse width and pulse interval that could generally elicit matched contraction forces compared with the LF mode across different subjects. Different clusters of pulses were delivered at 30 or 40 Hz. The number (n) of narrower pulses was determined based on the elicited muscle forces, such that the forces generated in the LF and HF modes were matched. The ratio between the total charge of n narrower pulses in the HF mode and the charge of one pulse in the LF mode was calculated. According to our pilot testing, a fixed number of narrower pulses (or charge ratio) can lead to the same muscle forces at the LF and HF modes, regardless of the stimulation frequencies (30 or 40 Hz). Therefore, the number of narrower pulses (or charge ratio) was maintained the same across the two frequencies. The stimulation parameters used for all the subjects are summarized in table 1.
In order to make it easy for subjects to compare the pain sensation, each of the four conditions from the HF mode (2 frequency values × 2 pulse width values) was paired with its corresponding LF mode in one trial. Since the pulse duration was fixed for a particular subject in the LF mode stimulation, the stimulation parameters of the LF mode between condition 'Freq 30 Pwth 80' and 'Freq 30 Pwth 120', and between condition 'Freq 40 Pwth 80' and 'Freq 40 Pwth 120' were the same, because the 'Pwth' notation only applies to the HF mode. Within each trial, each mode consisted of five stimulation trains, each lasted for 3 s with a 1 s resting interval. There was a 4 s rest time between the two modes. Figure 1(c) shows the typical time courses of the individual finger flexion forces and the EMG signals from one channel within a trial. For each combination of the stimulation parameters (frequency and pulse width) tested in a random order, two trials were obtained and the sequential order of the two modes were reversed between consecutive trials. The randomization can help eliminate the possible order effect on the pain sensation and the elicited EMG activities. After each trial ended, the subjects reported two pain scores of the two stimulation modes. figure 1(c) ). The maximal force within one contraction was first obtained for each finger, and was then averaged across five contractions. The averaged maximal forces of individual fingers were used to represent the force level of the specific stimulation condition.
EMG activity and force variation.
Within each trial, the EMG signals during the plateau phase of each stimulation train were first separated into 40 ms-long segments. Each segment started 5 ms prior to the stimulation onset and ended 35 ms after the onset. Then, all the segments from the same stimulation mode were pooled together to obtain the average response. Figure 2 shows the typical average results for all 64 channels from one trial with a stimulation frequency of 30 Hz under the LF mode. The stimulation onset time was at 0 s. Stimulation artifacts for each trial were first manually identified according to the average EMG signals from all channels. Then, the EMG segments between the stimulation artifacts starting at 0 s and the incoming one were extracted for further analysis. EMG signals at the beginning of each trial prior to the stimulation and during the rest time between the two modes were also segmented to 40 ms-long segments with no overlap and were then averaged across segments to obtain the baseline EMG. Two EMG activity measurements, including the peak-topeak magnitude and EMG area were extracted to quantify the strength of the muscle activities. Both measurements were calculated based on the average EMG ( figure 3(a) ). The measurements were first extracted for each channel individually and were then averaged across all 64 channels. The peak-topeak magnitude was calculated as the difference between the maximum and the minimum of the EMG. The EMG area was estimated as the integral of the rectified average EMG with respect to time. Before the calculation, the start and end time was determined by a threshold-crossing method ( figure 3(a) ). The upper and lower bound thresholds were the standard deviation of the baseline EMG. The start and end times were the time instances of the first and last threshold crossings, respectively. Although the identified times were sensitive to the choice of threshold value, the EMG amplitude near the threshold was close to the baseline, and, therefore, the estimated area was not sensitive to the threshold values.
In order to verify whether the HF stimulation can elicit muscle activations in a less synchronized way compared with the LF mode, the duration of the first peak of the M-wave and the amplitude of force fluctuations at 30 or 40 Hz between the HF and LF modes were compared. The first peak duration was determined with a similar threshold approach. The start time of the positive peak was set as the time when the average EMG first exceeded the upper threshold and the end time was set as the time when the average EMG first decreased beneath the lower threshold ( figure 3(a) ). Different from the calculation of two EMG activity measurements above, only the first 20 channels with the largest peak-to-peak magnitudes (based on rank ordering) were used to calculate the first peak duration, because the estimated duration would be sensitive to the selected threshold when the EMG magnitude was small. The duration was calculated for each channel and was then averaged across all 20 channels. The duration of the entire EMG was not used here, largely because the EMG magnitude returned to the baseline in a relatively low rate. This would make the determination of the duration sensitive to the threshold. Since the stimulation frequency used in this study was 30 Hz and 40 Hz that were larger than the minimum frequency to induce smooth contraction at 20-25 Hz [25] , the fluctuation of elicited twitch forces was relatively small compared with the main force amplitude ( figure 1(c) ). Therefore, the original force data within each plateau phase were first extracted and band-pass (10-80 Hz) filtered to eliminate the low-frequency offset and high-frequency noises. 
Statistical analysis.
The pain score, contraction force, two EMG activity measurements, first peak duration and force fluctuation magnitude were statistically analyzed to evaluate whether there were significant differences in the pain sensations and muscle activation patterns between the two stimulation modes. For each combination of stimulation parameters and each mode, the pain score, contraction force, EMG activity measurements, first peak duration and force fluctuation magnitude were first averaged across two repetitions, and were then pooled together from all subjects to perform the statistical analyses. According to the experiment paradigm used in the current study, statistics from the HF and LF modes always appeared in pairs. Therefore, the two-tailed paired t-test was used in this study. The Kolmogorov-Smirnov test was used to test the normality assumption. The significant level was set to α = 0.05 for all testing.
Results
Contraction force
The evoked maximal contraction forces of individual fingers across all subjects are illustrated in figure 5 . All data satisfied the normality assumption, and there was no significant difference between HF and LF modes for any stimulation parameter combination and any finger (p > 0.1). The results indicated that the contraction forces for the HF and LF modes were matched well for each finger.
Near-simultaneous activations of muscle fibers can lead to twitch forces time-locked to the stimulation onset. Even though we used stimulation frequencies of 30 Hz and 40 Hz, which were believed to elicit fused contraction forces, the fluctuation at the stimulation frequency can still be observed when the original force was band-pass filtered (figures 4(a) and (c)). Furthermore, the spectral analysis of the filtered force showed prominent peaks at the corresponding stimulation frequency under the LF mode while the peak magnitude for the HF mode decreased notably (figures 4(b) and (d)). The force fluctuation magnitudes across all subjects are illustrated in figure 6 . The force fluctuation magnitude under the LF mode was significant larger than the HF mode when the pulse width was 80 µs (Freq 30, Pwth 80: t(7) = 2.8458, p = 0.0248; Freq 40, Pwth 80: t(7) = 2.7421, p = 0.0288). When the pulse width increased to 120 µs, there were no significant differences of the force fluctuation magnitude between the LF and HF mode (p > 0.05).
EMG activity
The EMG activity (peak-to-peak magnitude) distributions for different stimulation conditions from two typical subjects were illustrated in figure 7 . Under each parameter combination, the LF and HF mode stimulation induced EMG activities with similar spatial distribution. Meanwhile, the maximal EMG activity under the HF mode was consistently smaller than that of the corresponding LF mode. Figure 3(b) illustrates the EMG of one channel for both LF and HF modes from a typical trial. The EMG magnitude in the HF mode was consistently smaller than that in the LF mode. The two measurements of the EMG activity were analyzed, and the results are summarized in figure 8 . The peak-to-peak magnitude of the HF mode was significantly smaller than that of the LF mode for all stimulation conditions (Freq 30, Pwth 80: t(7) = 3.1335, p = 0.0165; Freq 30, Pwth 120: t(7) = 2.7574, p = 0.0282; Freq 40, Pwth 80: t(7) = 2.9150, p = 0.0225; Freq 40, Pwth 120: t(7) = 2.9553, p = 0.0212). As for the EMG area, there were significant differences between the LF and HF modes when the pulse width was 80 µs (Freq 30, Pwth 80: t(7) = 4.3743, p = 0.0033; Freq 40, Pwth 80: t(7) = 2.6815, p = 0.0315). When the pulse width increased to 120 µs, the mean EMG area of the HF mode across all subjects was also smaller than that of the LF mode. However, the difference was not significant (p > 0.05).
The comparison of the first peak duration across all subjects between the LF and HF modes is illustrated in figure 9 . Under the LF mode, the duration was approximately 6 ms. Under the HF stimulation, the duration increased for all the conditions. The results showed that the first peak duration under the HF stimulation was significantly larger than that under the LF mode when the pulse width was 80 µs (Freq 30: t(7) = −2.6217, p = 0.0343; Freq 40: t(7) = −2.4091, p = 0.0468). However, the increment was not significant when the pulse width was 120 µs (Freq 30: t(7) = −1.2576, p = 0.2489; Freq 40: t(7) = −2.0756, p = 0.0766).
Pain sensation
Pain scores for the two stimulation modes were compared as shown in figure 10(a) . The pain level in the HF mode was significantly higher than the LF mode, when the pulse width was 80 µs (Freq 30: t(7) = −2.7843, p = 0.0271; Freq 40: t(7) = −3.3072, p = 0.0130). When the pulse width was 120 µs, the pain level of the HF mode was slightly higher than that of the LF mode but the difference was not significant (Freq 30: t(7) = −2.2583, p = 0.0585; Freq 40: t(7) = −1.8202, p = 0.1115). Since the charge ratio was always larger than one, that is the total charge delivered during the HF mode was always higher than that during the LF mode, we also evaluated whether the pain was associated with the total charge delivered. Specifically, the relation between the charge ratio and the pain difference between HF and LF modes were quantified using the Spearman correlation analysis, given that the pain Figure 7 . Mean EMG activity (peak-to-peak magnitude) distribution across two trials for different conditions of both stimulation modes from subject 4 and subject 5. score was discrete in nature. The correlation results are shown in figure 10(b) , and there was a trend that the pain differences increased with the total charge ratio. In particular, there was a significant linear relation in the Freq 30 Hz and the Pwth 120 µs condition, and in the Freq 40 Hz and the Pwth 80 µs condition.
Discussions
This study investigated the patterns of muscle activation through subthreshold current pulses delivered transcutaneously at kilohertz to the proximal segments of the median and ulnar nerves. We expect that clusters of narrower electrical pulses can induce less synchronized activations of muscle fibers compared with the conventional low frequency nerve stimulation. The elicited EMG activities of the finger flexor muscles under the LF and HF modes were compared under the prerequisite of equal contraction forces. Different features of the compound action potentials in the 10 kHz (80 µs pulse width) HF stimulation revealed a significant difference (i.e. a reduced peak-to-peak amplitude and area, and a wider duration) compared with the LF mode. In addition, the force fluctuation components at 30 Hz or 40 Hz under the 10 kHz HF mode was smaller than that under the LF mode. These effects tended to be weaker in the 7.14 kHz (120 µs pulse width) HF condition. Our results indicate that different nerve fibers were recruited asynchronously through temporal summations of different numbers of subthreshold depolarizations with the HF stimulation. However, the HF stimulation did not reduce the levels of pain sensation compared with the LF stimulation. Overall, the HF mode stimulation was capable of activating the muscles in a less synchronized manner, which has the potential to alleviate the force decline during stimulation.
Dispersed MUAPs
Surface EMG signals are composed of summations of all MUAPs of the muscle both temporally and spatially. The LF mode stimulation often induces near-simultaneous recruitment of muscle fibers, time-locked to the timing of the stimulus pulse. As a result, the compound action potentials have well defined morphology due to highly synchronized MUAPs, which is well above the synchronization level during voluntary contractions [26, 27] . The non-physiological activation Figure 8 . The mean EMG activity measurements including the peak-to-peak magnitude and the EMG area across all subjects for different stimulation conditions. The left y-axis corresponds to the peak-to-peak magnitude, and the right y-axis corresponds to the EMG area. The error bar represents the standard error. *, p < 0.05; **, p < 0.01. can lead to force variations because of synchronized twitch forces, and could also be a reason for the early fatigue onset.
With subthreshold current pulses delivered at kilohertz frequency, a reduced EMG activity (consistent across multiple measures) was observed for matched force levels, in comparison with the LF stimulation. The decreased EMG magnitude can arise from a reduced number of activated MUs and/or a more dispersive onset of MUAPs from different MUs. Since the contraction force for individual fingers was matched and the stimulation position was kept the same, we expect that similar MUs were recruited between the two stimulation modes. In addition, the EMG activity of both modes showed similar spatial patterns (figure 7) which demonstrated that similar muscle fibers were activated between the two modes. Thus, it is likely that the activation of different MUs was less synchronized, and the reduced compound action potentials came from potential cancellations of the temporally separated MUAPs [28] . To further verify this possibility, we compared the first peak duration of EMG activity and the force fluctuation magnitude across the LF and HF modes. Our results demonstrate that the peak duration in the HF mode was larger than that in the LF mode, and that the force fluctuation magnitude was lower, compared with the LF mode especially when the pulse width was 80 µs. These findings indicate that the MUAPs from different MUs were indeed temporally separated.
The mechanism underlying a less synchronized activation of the MUs in the HF stimulation than the LF stimulation is possibly related to the way that the charges are delivered. In the LF mode, a large amount of charges are delivered continuously, the thresholds of different axons can be reached in succession. Even though there might be a delay between the onsets of action potentials (AP) from different axons, the delay is expected to be small ( figure 11(a) ). The delay might arise from several factors, like the different thresholds and the different depolarization speed caused by the different distances from the electrode. In contrast, in the HF mode, charges are delivered separately and each narrower pulse can only induce a subthreshold depolarization ( figure 11(b) ). Different axons may require different numbers of depolarization current, which can lead to an enlarged temporal delay. It is intuitive that the delay will become smaller if the pulse width is larger ( figure 11(b) ). This could be the reason why the difference of the EMG activity patterns between the HF and LF modes became weaker when the pulse width was changed from 80 µs to 120 µs.
Dispersed muscle activation and fatigue
Previous studies [12] [13] [14] [29] [30] [31] have tried to use dispersed muscle activation to reduce the force decline during continuous stimulations. Most of the studies have demonstrated that dispersed muscle activation can delay the fatigue onset compared with synchronized muscle activation [12-14, 30, 31] . However, inconsistent findings have also been reported in that the asynchronized stimulation had no effect on reducing muscle fatigue [29] , potentially due to variations in specific stimulation techniques used in these studies or different muscles involved in these studies. Nonetheless, multiple electrode locations were typical used to realize the spatially and sequentially distributed stimuli to different portions of muscles. Using a different approach in our current study, we stimulated the proximal segment of the peripheral nerves using highfrequency subthreshold current. Our approach was able to induce disperse activation of different axons resulting in temporally separated activation of muscle fibers. There are several advantages targeting the proximal nerve segment rather than targeting the different motor point locations at the muscle belly. First, the proximal nerve has axons innervating different deep muscles or small intrinsic finger muscles. By focusing on the stimulation on a localized region, we can activate different muscles that are inaccessible using traditional motor point stimulations. The potentially concurrent activation of multiple muscles (such as intrinsic and extrinsic finger muscles) can lead to more natural grasp patterns [32] . Second, the stimulation parameters used for our current study are substanti ally lower than the values used in traditional surface neuromuscular stimulation approaches that typically range from 10-20 mA [3] . Such a high current intensity is needed to activate the targeted muscles, partly because the nerves can branch further out and travel into different portions/depth of the muscle. With a lower current amplitude but more effectively targeting the superficial nerve trunk, we can elicit desired muscle activations.
Pain sensation
Some previous studies have quantified the discomfort level with the kilohertz-frequency stimulation during neuromuscular stimulation or transcutaneous spinal cord stimulation [33] [34] [35] [36] . Most of the studies have consistently shown that, comparing with the low frequency stimulation, the kilohertz-frequency alternating current in short-duration bursts (2-4 ms) is more comfortable, with the alternating current being a sine wave [36, 37] or a square wave [33, 34] . This effect is largely due to the fact that the kilohertz-frequency stimulation can suppress the sensitivity of pain receptors [34, 36] . However, there were also studies that showed the opposite results [35] with the high frequency stimulation inducing more pain sensations, which is in line with our findings. There are several factors that could lead to a more painful sensation in the HF mode than the LF mode. One possibility is that the alternating current wave is biphasic and symmetrical, which is different from the one used in our study, with a monophasic asymmetrical wave (a cluster of positive charge followed by a cluster of negative charge). Unlike the biphasic symmetrical stimulation, the effect of pulses within each burst can still summate effectively and form an action potential that activates the pain receptors. Another possibility is that the larger amount of charge delivered during the HF mode can recruit more pain receptors. As shown in figure 8(b) , the increment of pain sensation is correlated with the charge ratio between the two stimulation modes. Lastly, the duration of a burst of pulses used in our study was approximately 2.26 ± 1.09 ms and 1.60 ± 0.64 ms, which may not be long enough to suppress the pain receptors.
Limitations and future work
The maximum voluntary contraction level was not measured for individual subject and was not selected as the criterion to adjust the current amplitude in the current study. Instead, we determined the current amplitude based on the relative contraction level and also on the pain level. Moderate instead of strong contractions were used, because the latter would result in some pain at the fingers, which would interfere subjects' judgment on the pain level at the local stimulation location. However, according to our pilot experiment, the HF mode stimulation can elicit strong muscle contractions comparable to the LF mode. Since different numbers and types of MUs can be recruited under different force levels, we plan to explore whether the degree of temporally separated MUAPs induced by the HF stimulation show different patterns under different force levels in future work.
In the current study, as a first step to verify whether the HF stimulation can be used as a way to disperse the activation of different motor units, we kept the current amplitude constant across the two stimulation modes in order to decrease the possibility of different motor units being activated under different modes. Intuitively, an increase of the pulse width and current amplitude can increase the synchronization level of MUAPs, but also induce stronger contractions. Even though the pulse interval was set to a fixed value in the current study, it can also affect the contraction force according to our pilot testing results. Generally speaking, decreasing the pulse width or increasing the pulse interval can increase the degree of separation of MUAPs, but at the same time decrease the contraction force under the precondition of equal charges. The specific way regarding how these parameters can influence the contraction force and the synchronization level, and whether there is an optimal parameter combination considering both the force and synchronization levels was not investigated in the current study, but can be explored in further work.
Conventional nerve stimulation technique often induces near-simultaneous activation of muscle fibers. Previous studies [12, 13] have demonstrated that stimulating different muscles or muscle compartments sequentially through multiple electrodes can reduce muscle fatigue. In the current study, it has been demonstrated that the HF stimulation can activate muscle fibers in a less synchronized way, which effectively can lead to sequential activation of different muscles or muscle compartments. Thus, the HF stimulation technique might be helpful to reduce the rate of force decline. Further studies will be performed to verify whether the HF stimulation can delay muscle fatigue compared with the LF mode when sustained long-term stimulations are delivered.
Conclusions
Overall, compared with the LF mode, our results show that the HF mode stimulation was capable of eliciting comparable contraction forces and furthermore, activating the motor units in a less synchronized way, which is more similar to the physiological activation and has the potential to alleviate the force decline during electrical stimulation.
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